Interfacial effects like orbital hybridization and charge transfer strongly influence the transfer of spins from ferromagnetic metals to organic semiconductors and can lead to the formation of interfacial states with distinct magnetic properties. The changes in the electronic and magnetic properties of a thin Co film upon adsorption of a layer of either the molecular organic electron donor tetrathiafulvalene (TTF) or the acceptor tetracyanoquinodimethane (TCNQ) have been investigated by X-ray absorption spectroscopy and X-ray magnetic circular dichroism using synchrotron radiation. Clear differences between the spectra of the adsorbed molecules and the neutral molecules show the hybridization of the molecular orbitals with the Co interface. Deposition of both organic materials leads to a small increase of the ratio of the orbital magnetic moment to the spin magnetic moment of the Co atoms at the interface. The main effect of overlayer deposition is a modification of the magnetic hysteresis of the Co film: The TCNQ slightly reduces the coercivity of the Co, while the TTF increases the coercivity by a factor of ∼1.5. These complementary effects of either a molecular organic electron donor or acceptor on the interfacial properties of a metal ferromagnetic thin film are a promising result for the controlled modification of the magnetic structure of hybrid interfaces. Published by AIP Publishing. [http://dx
INTRODUCTION
The field of organic spintronics offers the prospect of combining the advantageous properties of organic materials with those of spintronic phenomena. Spin-based applications using inorganic materials have shown remarkable physical phenomena such as giant magnetoresistance, 1,2 tunnelling magnetoresistance, 3 spin Hall effect, [4] [5] [6] and spin-transfer torque. 7 Several of these phenomena have found useful applications in everyday consumer electronics. It seems a logical step to combine the possibilities that spintronics has to offer with the flexibility, affordability, ease of manufacturing, and other advantages that the use of organic materials has brought to the field of electronics. The transport of charges and spins in organic semiconductors by hopping between the π-conjugated orbitals localized on different molecules (or polymer chain segments) is very different from the mechanism that applies for inorganic semiconductors, where charge carriers reside in fully delocalized bands. Theoretical models that agree with experimental results 8 and provide insight into the underlying principles are still being developed. 9, 10 While spin polarized transport in organic semiconductors has been studied for more than a decade, 11 conclusive proof that spin-conserving transport is possible in organic materials has been elusive. 8 Recently, spin-pumping experiments have been reported that show spin transport in organics to be feasible. 12 Not only the transport mechanism of spins or spinpolarized charges is an important topic within organic a) Author to whom correspondence should be addressed. Electronic mail:
e.vangeijn@utwente.nl spintronics but also the injection of spins from a ferromagnetic metal into an organic semiconductor is far from trivial. At the interface between the materials, phenomena like orbital hybridization and charge transfer can greatly influence the transport of spins across the interface. Spin-polarized microscopy and spectroscopy techniques have shown these effects to be typically spin dependent, resulting in a hybrid interface with magnetic properties that are quite different from those of the bulk ferromagnet. [13] [14] [15] [16] [17] [18] [19] It is a topic of active study how this effects the spin-transport across the interface. [20] [21] [22] [23] [24] In addition, the magnetic properties, such as the coercive field of the saturation magnetization, of ferromagnetic thin films may be tuned by the same interfacial effects. 25, 26 Very interestingly, it even turns out to be possible to induce ferromagnetism in thin diamagnetic Cu layers by interface formation with C 60 molecules. 27 A growing body of density functional theory based studies is starting to provide insight into the physics at play at these interfaces and hint at the exciting possibility of actively tailoring the properties of hybrid systems. [28] [29] [30] In this study, we investigate the changes in the magnetic properties of Co thin films when forming an interface with organic molecules. Since charge redistribution is expected to be a possible cause of these changes, we chose both a strong electron acceptor, tetracyanoquinodimethane (TCNQ), and a strong electron donor, tetrathiafulvalene (TTF), as the organic adsorbents. By investigating the effects of these complementary molecular species, we shed light on the question whether systematic control of the interfacial magnetic properties through charge redistribution is feasible.
By recording X-ray absorption spectroscopy (XAS) spectra before and after deposition of the organic molecules, we can study the changes in the electronic properties of a ferromagnetic Co thin film. The impact on the magnetic properties of these changes can be probed by X-ray magnetic circular dichroism (XMCD) using circularly polarized X-rays.
MATERIALS AND METHODS
All sample preparation steps and experiments were performed in situ at the I1011 beam line at the MAX-lab synchrotron radiation facility in Lund, Sweden.
Single crystal sapphire (0001) was used as a substrate because Co will readily grow as an epitaxial fcc (111) film when deposited onto the clean sapphire surface at room temperature. 31, 32 The Co was evaporated onto the substrates under ultra-high vacuum (UHV) conditions from an e-beam evaporator. The base pressure of the system varied from 9.0 × 10 −9 to 1.5 × 10 −8 mbar during the experiments. We judged the thickness of the Co layers by the opacity of the film and estimated it to be between 10 and 20 nm for all samples.
The organic molecules (TCNQ and TTF) were deposited using a custom-made sublimation cell. The organic material (in powder form) was loaded into a small halogen light bulb, which we had cut open at the top, and sublimated by resistively heating the tungsten filament fitted inside the bulb. The sublimation cell was separated from the deposition chamber by a gate valve in order to prevent unwanted deposition of the organic material. For TTF, especially, this was essential as we found it to sublime fast enough for deposition at room temperature without any applied heating. To increase the sticking probability for TTF to the Co surface, the sample was cooled to liquid nitrogen temperature during TTF deposition. Deposition of TCNQ was carried out with the substrate held at room temperature.
In the used setup, the samples could be heated by a resistive heater mounted on the sample stage or cooled by a liquid nitrogen filled cold finger connected to the sample stage. A thermocouple connected to the sample stage gave an approximate reading of the sample temperature.
The X-rays for XAS and XMCD measurements were generated using an undulator that is inserted into the synchrotron storage ring. The elliptically polarizing undulator allowed for the use of X-rays with a degree of circularity of about 90%. The sample was mounted at an angle of 60
• between the sample normal and the incoming photon beam. To correct for these experimental parameters, the magnetic moments extracted from the XMCD spectra were multiplied by 1/(0.9 × sin 60
• ) ≈ 1.28. During measurements, the sample sat between a pair of water-cooled copper coils that could generate magnetic fields up to 650 Oe. The sample could be transferred back and forth between deposition and measurement chamber without breaking UHV conditions. X-ray absorption spectra were recorded in the total electron yield (TEY) mode by measuring the drain current from the sample to ground while varying the incident photon energy. To ensure good electrical contact between the deposited Co films and the sample holder, we deposited a strip of tungsten along one edge of our sapphire substrates by magnetron sputtering prior to the experiments. By taking the difference of a pair of XAS spectra recorded with opposite relative orientations of the sample magnetization and light polarization, an XMCD spectrum was obtained, providing insight into the orbital and spin magnetic moments of the sample.
To be able to quantitatively compare the different recorded XAS spectra, these were corrected for changes in the intensity of the incident photon beam. To measure this intensity, a gold grid was placed in the path of the photon beam before it hit the sample. The drain current from this grid is proportional to the intensity of the photon beam. By taking the ratio of the sample drain current over the gold-grid drain current, I 0 , the spectra are normalized for changes in the incoming beam.
Magnetization loops could be recorded by tuning the photon energy to the maximum of the L 3 peak of the Co L-edge and varying the external magnetic field. This method provides magnetization values relative to the absorption peak height, so no actual magnetization values.
RESULTS AND DISCUSSION

TCNQ on Co
For the first set of measurements, a film of TCNQ is deposited on a fcc Co film. The sample is at room temperature during all depositions and measurements. The deposition of the TCNQ layer is confirmed by the appearance of a strong N 1s (K-edge) absorption peak (Figure 1(a) ). The features in the N K-edge XAS spectrum of TCNQ adsorbed on Co are distinctly different from those of the neutral molecule, 33 which is indicative of chemisorption and thus hybridization of electronic states. The N(1s) → π * peak at the onset of the K-edge near 395 eV clearly exhibits two split components. The corresponding feature of the neutral molecule is a single asymmetric peak and has been attributed to excitations into the nearly degenerate a u and b 1u π * orbitals (where the symmetry labels refer to D 2h symmetry). 33 For the neutral molecule, a small peak associated with the b 2g π * orbital is present on the high excitation energy side of the main N(1s)π → * resonance, which is absent for TCNQ on Co. Since TCNQ is a strong electron acceptor, it is expected that electrons have been transferred from Co to TCNQ at the interface.
The presence of the TCNQ layer also leads to the attenuation of the Co 2p (L-edge) absorption spectrum (Figure 1(b) ). The amount of attenuation can be used to give an estimate of the thickness of the deposited inorganic layer. Based on measurements of the attenuation of TEY XAS peaks by overlayers, 34, 35 we estimate the thickness of the organic film to be around 0.5 nm.
Due to the spin orbit coupling of the Co 2p electronic states, the transition probabilities at the L 2,3 -edge depend on the relative orientations of the magnetization of the sample and the helicity vector of the incoming light. By sweeping the magnetization while keeping the photon polarization fixed and at an energy matching the maximum of the L 3 -edge of Co, the magnetic hysteresis curve of Figure 2 is measured. The deposition of TCNQ slightly lowers the coercivity of the Co and increases the squareness (remanence at zero applied field relative to saturation magnetization).
The XMCD spectra of the Co L-edge ( Figure 3 ) show negligible change after TCNQ deposition. Sum rule analysis of the spectra 36 gives a ratio of the orbital contribution to the spin contribution for the angular momentum of 0.051 for the clean Co thin film and 0.056 for the film with TCNQ. Due to the structure in the background after the absorption edge, it is difficult to determine quantitative values for the respective spin and orbital angular momenta. Our data suggest a value between 2.0 and 2.3 µ B per atom for the spin angular momentum and between 0.10 and 0.13 µ B /atom for the orbital angular momentum. An overview of all calculated magnetic moments is given in Table I . Note that the different values for m orb /m spin of the two clean Co films in Table I might be related to a difference in film thickness in the range 10-20 nm, such that a different surface-to-bulk ratio of the magnetic moments is observed in the TEY-mode XAS measurements.
FIG. 3.
Co L-edge XAS and XMCD spectra before (red curves) and after (blue curves; vertical offset for clarity) deposition of TCNQ. (a) Measured XAS spectra for opposite relative orientations of sample magnetization and photon polarization (solid and dashed lines). To do proper XMCD analysis, the pre-edge intensity is subtracted from the spectra, and the intensity at high photon energy far beyond the edge, where magnetic effects are absent, is normalized to unity. (b) XMCD spectra, difference between XAS spectra in (a) (solid), and integrated XMCD spectra (dashed; scaled down by a factor of 2.5 for clarity). (c) Summed XAS spectra (solid) and integrated sum spectra (dashed; scaled down by a factor of 2.5 for clarity) after subtraction of two-step-like edge-jump background (dotted, grey line). The variation in the integrated intensity at high photon energy is an artefact of the background subtraction procedure, which is hampered by the structure in the background.
TTF on Co
After replacing the TCNQ sublimation cell with one filled with TTF, the readings of the mass spectrometer for residual gas analysis, mounted on the preparation chamber, confirmed that the TTF sublimation rate was sufficiently high for TTF deposition while keeping the source material at room temperature. The absence of any C K-edge signal in the XAS spectrum (Figure 4 ) after exposing the Co surface, held at room temperature, to TTF vapour for a few minutes indicates a low sticking probability of the molecules to the surface. To achieve TTF deposition, the sample is cooled, using liquid nitrogen, to approximately 100 K during exposure to the TTF vapour. The appearance of a clear C K-edge signal affirms that a layer of TTF is indeed deposited on the surface under these conditions.
The C K-edge absorption shows a double main peak, whereas the neutral molecule shows a single peak. 33 This splitting is attributed to hybridization of the Co surface with the different molecular orbitals that contribute to this peak. For the most prominent contribution of interface effects to the measured spectra, a TTF film thickness of a single monolayer would be ideal. Charge transfer between the Co and the TTF molecules at the interface is expected to lead to significant binding of these molecules. By gradually heating the sample, we aimed to remove all TTF except for the more strongly bound first monolayer. After heating the sample to 283 K for several minutes, the reduced film thickness leads to attenuation of the C peak. After subsequent heating to 323 K, the TTF seems to be completely removed from the sample.
The magnetic hysteresis of the Co is strongly influenced by the deposition of a layer of TTF ( Figure 5 ). The coercivity is increased by a factor of 1.5 and the magnetization saturates more gradually. After heating to 323 K, the magnetic FIG. 4 . XAS spectrum of the C K -edge of TTF covered Co (vertical offset for clarity). The red and blue curves for the clean Co surface, respectively, before and after exposure to TTF vapour at room temperature are very similar, indicating no noteworthy deposition of TTF. The structure at the C K -edge in these spectra results from adventitious carbon on the beam line optics, which is only partially corrected for by the I 0 measurement. Clear peaks are observed after deposition with the sample cooled down to about 100 K (green curve). After heating to 283 K, the peaks are attenuated (magenta curve), indicating partial desorption of TTF. After heating of the sample to 323 K for about 5 min (orange curve), the spectrum resembles that of the clean Co thin film, suggesting that the TTF layer is completely removed. behaviour reverts to that of the clean Co film, showing once more that the TTF layer is removed.
The XMCD analysis of the absorption spectra ( Figure 6 ) shows strong variations in the ratio of the orbital to the spin magnetic moment. For the clean Co film at room temperature, the ratio is 0.081; at 100 K, 0.065; and after TTF deposition at 100 K, 0.099. For the actual magnetic moments, the data give a value between 0.14 and 0.15 µ B /atom for the orbital contribution of the clean film at room temperature and between 1.7 and 1.8 µ B /atom for the spin contribution. Measured at 100 K, both moments decrease to between 0.11 and 0.12 µ B /atom for the orbital part and between 1.6 and 1.8 µ B /atom for the spin. After deposition of TTF, the orbital moment increases again to between 0.15 and 0.16 µ B /atom and the spin moment decreases to between 1.5 and 1.6 µ B /atom (see Table I for an overview). It should again be noted that these values are expected to have substantial errors due to the non-uniform background at the high energy side of the absorption edge. These errors are systematic for all measurements; therefore, the values can be used for qualitative comparisons between the different spectra.
The effects of TTF deposition on the magnetization reversal of the Co films are strong, while the changes in the XMCD spectra are subtle. The latter can in part be attributed to the finite probing depth of the TEY technique, meaning that only a small fraction of the Co L-edge signal stems from the outermost Co atoms that are primarily affected by bonding to TTF molecules. In addition, the effects of adsorption of molecules on ferromagnetic surfaces are strongly inhomogeneous, 15, 20 and an area averaged XMCD measurement is not representative of any significant, local modifications of surface magnetic moments. On the other hand, the magnetic anisotropy energy, which has a significant effect on the magnetic hysteresis loops, may be strongly affected by such local modifications. 26 FIG. 6. Co L-edge XAS and XMCD spectra of the clean Co film measured at room temperature (red curves) and at 100 K (blue curves; vertical offset for clarity) and after deposition of TTF measured at 100 K (green curves; vertical offset for clarity). (a) Measured XAS spectra for opposite relative orientations of sample magnetization and photon polarization (solid and dashed lines). To do proper XMCD analysis, the pre-edge intensity is subtracted from the spectra, and the intensity at high photon energy far beyond the edge, where magnetic effects are absent, is normalized to unity. (b) XMCD spectra, difference between XAS spectra in (a) (solid), and integrated XMCD spectra (dashed; scaled down by a factor of 2.5 for clarity). (c) Summed XAS spectra (solid) and integrated sum spectra (dashed; scaled down by a factor of 2.5 for clarity) after subtraction of two-step-like edge-jump background (dotted, grey line). The variation in the integrated intensity at the high photon energy is an artefact of the background subtraction procedure, which is hampered by the structure in the background.
CONCLUSION
In summary, the XAS spectra for both TCNQ and TTF molecular layers on top of a ferromagnetic Co thin film have been measured. Hybridization of molecular orbitals with the Co interface can be inferred from clear differences between the recorded spectra and those of the respective neutral molecules.
XMCD analysis of the samples, using different relative orientations of sample magnetization and light polarization, suggests that both TCNQ and TTF lead to an increase of the ratio of the orbital magnetic moment to the spin magnetic moment.
Magnetic field sweeps of the Co L 3 peak intensity show that the coercivity of the Co film decreases slightly when the molecular electron acceptor TCNQ is deposited on the surface and increases with a factor of ∼1.5 when the donor TTF is deposited on top. This complementary behaviour shows the possibility of controlled tuning of the properties of the Co interface by deposition of the suitable organic semiconductor.
